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Break-induced replication
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Homologous recombination (HR) is considered to be an
error-free mechanism for the repair of DNA double-strand breaks
(DSBs). Indeed, most DSB repair events occur by a non-crossover
mechanism limiting loss of heterozygosity (LOH) for markers
downstream of the site of repair and preventing chromosome
rearrangements. However, DSBs that arise by replication fork
collapse or by erosion of uncapped telomeres have only one free
end and are thought to repair by strand invasion into a homolo-
gous duplex DNA followed by replication to the chromosome end
(break-induced replication, BIR). As BIR from one of the two ends
of a DSB would result in a long tract of LOH it suggests BIR is
suppressed when DSBs have two ends in order for repair to occur
by a more conservative HR mechanism. Recent studies showed
that BIR can occur by several rounds of strand invasion, DNA
synthesis and dissociation resulting in chromosome rearrangements
when dissociation and reinvasion occur within dispersed repeated
sequences. Thus template switching during BIR can be highly
mutagenic and this process could be important for genome evolu-
tion and disease development.

Homologous Recombination Pathways

DNA double strand breaks (DSBs) are potentially lethal lesions
that occur spontaneously during normal cell metabolism or by treat-
ment of cells with DNA-damaging agents. There are two major
pathways to repair DSBs: non-homologous end joining (NHE])
and homologous recombination (HR). NHE] involves the religa-
tion of the two ends of the broken chromosome and can occur with
high fidelity, or be accompanied by gain or loss of nucleotides at the
junction."> HR relies on the presence of a homologous duplex to
template repair of the broken chromosome.? Several sub-pathways
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of HR have been defined; these include DSBR, SDSA and BIR
(Fig. 1). BIR is also known as recombination-dependent replication
or break-copy duplication.®> At the molecular level, all three mecha-
nisms are initiated by 5' to 3" degradation of the broken DNA ends
to create 3' single-stranded DNA tails.?> Rad51 binds to the resulting
single-stranded DNA tails to initiate pairing and strand invasion
with homologous duplex DNA. The 3' end from the broken chro-
mosome is used to prime leading strand DNA synthesis templated by
the donor duplex. By the canonical DSBR model, the other end of
the break interacts with the displaced strand from the donor duplex
(D-loop) to prime DNA synthesis and seal the break.® The resulting
double HJ intermediate can be resolved to generate crossover (CO)
or non-crossover (NCO) products. If the heteroduplex DNA formed
during single-strand pairing contains a mismatch, repair of the
mismatch can result in gene conversion. During SDSA, the invading
strand that has been extended by DNA synthesis is displaced and
anneals to complementary sequences exposed by 5'-3" resection of
the other side of the break.””8 The remaining gaps can be filled by
DNA synthesis and the nicks ligated. Again, mismatch repair can
result in gene conversion. Finally, during BIR, a processive replica-
tion fork is established after strand invasion and DNA synthesis
proceeds to the end of the chromosome.>? BIR requires leading and
lagging strand DNA synthesis, in contrast to SDSA that uses only
leading strand DNA synthesis.!%!!

HR is generally perceived as a conservative mechanism to repair
DSBs in mitotic cells because it preferentially occurs between sister
chromatids, leading to genetically silent events. Cohesins, which
maintain sister chromatids in close proximity, favor this repair bias
versus repair using a homologous chromosome or ectopic repeat.!>13
However, mitotic HR can also occur between allelic loci from chro-
mosome homologues. In this situation, DSBR, SDSA and BIR lead
to loss of heterozygosity (LOH) if the homologues are polymorphic.
While gene conversion (LOH) associated with DSBR and SDSA is
limited to a small region surrounding the DSB, gene conversion starts
at least at the break site and extends to the end of the chromosome
after BIR. It is important to keep in mind that DSBR associated with
a CO in the G, stage of the cell cycle followed by the co-segregation
of parental and recombinant chromatids has the same outcome as BIR
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Figure 1. Models for the repair of double-strand breaks. All three mechanisms initiate with invasion of a 3' end. After priming DNA synthesis, the second

end is captured and a double Holliday junction intermediate is formed (DSBR)

. Resolution can occur in either plane at both junctions to generate crossover

or non-crossover products. In the SDSA model, the nascent strand is displaced, pairs with the other 3' single-stranded tail and DNA synthesis completes
repair. Extensive replication primed from the invading 3' end (BIR) occurs when the other end of the DSB is absent or is heterologous. 3' ends are indicated

by arrowheads, newly synthesized DNA is represented by dashed lines.

(Fig. 2). Reducing COs associated with DSBR is one way to prevent
long tract LOH. Indeed, COs are associated with only 5-20% of
the spontaneous or DSB-induced mitotic gene conversion events in
S. cerevisiae,”'* and the number of associated COs is even lower in
Drosophila and mouse cells.”>!> Because SDSA is a NCO process this
minimizes LOH and appears to be the predominant mechanism for
homology-dependent repair of DSBs in mitotic cells.

Physiological Relevance of Break-Induced Replication

The importance of recombination for late replication of bacte-
riophage T4'® and in the repair of collapsed replication forks in
Escherichia coli has been clearly demonstrated.®!7 In bacteria repli-
cation initiates from a single origin, proceeds bidirectionally, and
terminates at a specific region. Collapse of one of the two forks
is potentially catastrophic and requires recombination-dependent
restart. RecA promotes strand invasion at the collapsed replication
fork, but DnaB must be recruited in order for replication to restart.
The PriA protein plays a critical role in the recruitment of the DnaB
replicative helicase at RecA-catalyzed strand invasion intermedi-
ates.!®19 In eukaryotes, no PriA homolog or functional equivalent
has been identified to date. While it is clear that recombination-
dependent replication repair of G, and G, induced DSBs exists in S.
cerevisiae,»**?! and that homologous recombination is required to
resume DNA replication in the presence of arrested or stalled forks,
the process of recombination-dependent replication restart has not
been formally demonstrated.
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In eukaryotes, in addition to its putative role to restart collapsed
replication forks, BIR is envisioned to elongate telomeres that are lost
when telomerase is absent or when telomeres are uncapped.?? The
RADS2 gene, which is required for virtually all homologous recombi-
nation events in S. cerevisiae, is essential for telomere maintenance in
the absence of telomerase.?? Two sub-pathways have been identified,
one involves recombination and amplification of the sub-telomeric
Y’ repeats; the other results in extensive elongation of the (G, ;T),
tracts.”> The Y’ recombination pathway is RADS51 dependent and
appears similar to other BIR events. The amplification of (G, 5T),
tracts is independent of RAD5! and is thought to occur by a rolling
circle mechanism using an extrachromosomal circular (G, ;T),
template. Similar recombination-dependent mechanisms have been
proposed for at least some of the telomere elongation events in ALT

(alternative lengthening of telomeres) tumors.?4

Identifying BIR Events

Because two-ended DSBs are repaired primarily by gene conver-
sion with or without an associated CO, BIR events can only be
detected by creating a DSB where just one of the two ends can
undergo homology-dependent strand invasion. This can be achieved
by inserting a meganuclease cut site between a sequence homolo-
gous to a donor site elsewhere in the genome and heterologous
sequences, or by using the chromosome fragmentation vector
described below.>20-21:25 However, even using these systems it can

be difficult to differentiate between half COs formed in G, and
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Figure 2. LOH mediated by homologous recombination. The products of
DSBR in G cells are easily distinguished, but BIR and DSBR associated with
crossing over can generate indistinguishable products in G,. In G, cells,
each chromatid is numbered 1 through 4. Depending on how the chromatids
segregate (e.g., 2 with 3 or 2 with 4), a reciprocal exchange can generate
daughter cells indistinguishable from a BIR event.

BIR because the products can appear the same (Fig. 2). Morrow
et al provided compelling evidence that BIR does indeed occur and
the events are not due to G, COs.’ They transformed diploid yeast
cells with a linearized chromosome fragmentation vector that has
sequences homologous to a unique sequence on yeast chromosome
III at one end of the vector and part of the sub-telomeric Y element
at the other end, in addition to a selectable marker, a centromere and
origin of replication. A stable chromosome fragment is formed by
strand invasion at the chromosome III homology followed by replica-
tion to the end of the chromosome arm and strand invasion ata Y™ at
the other end of the vector to generate a new telomere. Most of the
transformed cells retained both copies of chromosome III plus the
chromosome fragment. Furthermore, when haploid cells were trans-
formed with a linear vector that had the chromosome III homology
at both ends, isochromosome fragments were generated. Two G,
COs would have deleted the template chromosome arms resulting
in inviability and consequently no transformants. Bosco and Haber
analyzed the products of BIR following DSB induction in G, cells by
pedigree analysis and recovered two viable daughter cells each with
the expected products from BIR.2? This result is incompatible with
a G, CO where one daughter cell would be expected to die. Finally,
recent experiments from the Haber lab have shown that both leading
and lagging strand DNA synthesis machineries are required for BIR,
whereas gene conversion requires only leading strand synthesis.!*!1
The requirement for lagging strand synthesis might be considered a
defining feature of BIR.

Current genetic and physical assays for BIR involve repair of the
DSB from a non-sister chromatid, a situation that may not be directly
relevant to repair of a collapsed replication fork by sister-chromatid
recombination. A recently developed plasmid system using a version
of the HO endonuclease cut site that is nicked and converted to a
DSB during replication may provide a useful system to study repair
of a collapsed replication forks via sister chromatid BIR.?¢
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Mechanisms for BIR

The strand invasion step of BIR is assumed to be the same as for
gene conversion based on the requirement for the same HR proteins:
Rad51, Rad52, Rad54, Rad55 and Rad57.2> However, subsequent
steps must be different to account for the low level (<2%) of BIR
compared with gene conversion at DSBs with homology on both
sides of the break. Physical monitoring has revealed a significant
delay in the initiation of DNA synthesis from the invading 3' end
during BIR, compared with gene conversion.?! Even though the
initiation of recombination-dependent replication is slow compared
to gene conversion, the kinetics of the DNA synthesis process to
produce a fully replicated chromosome arm is similar to that occur-
ring during S-phase.?! The delay in initiation of DNA synthesis
may reflect a sensing mechanism to detect the other side of the
break. After failing to sense the other end, replication initiates and
proceeds to the end of the chromosome. An alternate hypothesis for
end coordination, or possibly a back-up mechanism to sensing the
other end, proposes multiple rounds of dissociation and reinvasion
during DSBR ?’. In this model it is suggested that the invading end
undergoes limited DNA synthesis and dissociation of the invading
strand, as proposed in the SDSA model (Fig. 1), however, if the
other end of the break is unavailable for annealing, the extended
3" end undergoes a second round of strand invasion, followed by
dissociation and homology searching. This process could be repeated
until homology (i.e., the other end of the break) is found and then
repair could be completed by SDSA, or in the absence of the other
end to pair with, until the end acquires a telomere. The products
of gap repair in Drosophila BLM”- mutants and RAD51*~ mutants
are consistent with the suggestion that repair can involve more than
one round of strand invasion.?$% To directly test this model in
S. cerevisiae, Smith et al., analyzed BIR products recovered from
diploid cells with polymorphic chromosome III homologues using
the chromosome fragmentation assay.?” Twenty percent of the
chromosome fragments analyzed contained sequences derived from
both chromosome III homologues consistent with multiple strand
invasions (Fig. 3). Furthermore, some of the products were the result
of dissociation of the invading strand within a repeated sequence
and reinvasion at an ectopic repeat generating a chromosome trans-
location.

One of the interesting features of the template switching events
described by Smith et al.,” is that they occur over a region of about
10-kb downstream of the site of strand invasion, but do not extend
over the entire left arm of chromosome III. There are a number of
possible mechanisms that could account for this apparent change in
the processivity of BIR. First, it is possible that the strand invasion
intermediate is cleaved by a structure-specific nuclease and once the
invading strand is covalently joined to one of the template strands
the strand invasion process is irreversible (Fig. 4). We consider this
to be unlikely because if cleavage of the D-loop occurred during
strand invasion then SDSA would be prevented. Furthermore, we
have seen no alteration in the frequency of BIR or the distribution
of switching events in 7us81 mutants (Smith CE and Symington
LS, unpublished). A second possibility is that the invading end from
the CFV converges with a replication fork initiated from an origin
downstream of the site of strand invasion. Third, there could be a
switch between a low processivity polymerase and a high processivity
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Figure 3. Template switching during BIR. A diploid strain containing restriction site polymorphisms downstream of the site of strand invasion was used to
show BIR can occur by more than one strand invasion event. The linear CFV invades one of the two chromosome il homologues, following limited DNA
synthesis and dissociation, the second strand invasion could occur into the same homologue or different homologue resulting in the formation of a chimeric
chromosome fragment. Dissociation and re-invasion at repeated sequences (8 elements) can result in non-reciprocal translocations. The lightly shaded box
represents the region of homology and the filled circles correspond to centromeres.

polymerase during BIR. There is currently no genetic evidence to
implicate Poln or PolC in gene conversion or BIR in budding yeast.
However, deletion of POLv in chicken DT40 cells reduces the
frequency of DSB-induced gene conversion and human POLy has
been shown to extend the invading 3" end of D-loop intermediates
in vitro.3%:3! Recent studies by Lydeard et al., have shown a require-
ment for Pold and Pola to form the initial primer extension product
during BIR.!0 Although Pole is not required for this early step, it is
required to complete replication of 30-kb to the end of the chromo-
some to form a stable chromosome as detected by pulsed-field gel
electrophoresis. This raises the intriguing possibility that Pole might
prevent template switching during BIR. Another possibility is that
the D-loop formed by strand invasion migrates along the donor
duplex as the invading 3' end is extended with the newly synthesized
DNA extruded behind the D-loop. This region of single-stranded
DNA could be activated for annealing to the other side of the break
during SDSA, or for pairing with another duplex DNA to initiate
template switching. This scenario would prevent both template
switching and SDSA once this DNA becomes double-stranded by
initiation of lagging strand synthesis.

A number of interesting mechanistic questions remain regarding
the DNA synthesis step of BIR. First, is the replication conservative or
semi-conservative? If the D-loop migrates to the end of the chromo-
some and lagging strand synthesis is initiated on the newly synthesized
strand then the products would be conservative, whereas cleavage
of the D-loop would be predicted to give rise to semi-conservative
products. Second, does lagging strand DNA synthesis proceed as in
S-phase or is there just an Okazaki fragment needed to start from the
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very end of the completely newly synthesized strand? Third, does BIR
require the replicative Mcm helicase complex? If the Mcm complex
turns out to be required it would provide support for a restart pathway
in eukaryotes.

BIR and GCRs
An intrinsic property of BIR is to produce long tracts of LOH and

unbalanced chromosomal aberrations when strand invasion occurs
between repeated sequences, usually referred to as gross chromo-
some rearrangements (GCRs). Formation of spontaneous GCRs is
rare, but several methods have been developed to detect these events
in yeast. In a systematic screen of LOH events in diploid yeast,
the most common class of GCR involved recombination between
retrotransposon elements.>? Tyl is the most common retrotrans-
poson in yeast and is present in 30-40 copies/haploid genome; the
solo LTRs (mostly delta elements) are present in about 250 copies.??
As noted eatlier, it is not possible to distinguish between reciprocal
exchange between dispersed Tyl elements and BIR as the under-
lying mechanism for these rearrangements. Ty or LTR elements
feature at the breakpoints of several other types of GCRs in yeast.
As described above, template switching between delta elements was
detected among 10% of the CF products formed during BIR using
the chromosome fragment transformation system.?” This unusually
high level of GCRs suggests BIR can be mutagenic. Reducing the
levels of Polow caused chromosome breakage at an inverted duplica-
tion of Ty elements that was subsequently repaired by recombination
with ectopic Ty elements generating chromosome translocations.>
In another study, a DSB induced 30-kb away from a pair of inverted
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Figure 4. Models for the postinvasion steps of BIR. The invading strand of
the strand invasion intermediate is extended by DNA synthesis forming a
migrating D-loop. This structure is unstable and can undergo dissociation and
reinvasion (left). It is unclear when lagging strand synthesis initiates, but is
required to complete replication of the CF. Lagging strand synthesis inititated
on the displaced nascent strand results in conservatively replicated products.
Alternatively, the strand invasion intermediate could be cleaved by an endo-
nuclease and the strands ligated to covalently link the invading strand to the
donor duplex and establish a stable replication fork. Replication would then
proceed semi-conservatively.

Ty elements on yeast chromosome III resulted in a burst of genomic
instability including translocations between the Ty elements present
on chromosome III and ectopic Ty or delta elements.>> Several of
these events were complex and could be interpreted as occurring by
template switching at Ty or delta elements during BIR.

The frequency of spontaneous rearrangements between Ty
elements is about 100 times higher than the non-homology and
microhomology-mediated translocations detected in the Kolodner
GCR assay.>® In this GCR assay, simultaneous loss of two linked
markers located within the non-essential terminal region of chro-
mosome V occurs primarily by breakage and telomere addition
or non-reciprocal translocation. Most of the translocation events
described are mediated by no homology at the break point or very
short sequence homologies and are dependent on DNL4, an essential
component of the NHE] pathway.3” In the absence of both RAD52
and DNL4 the translocation class of GCRs is eliminated. An unusual
class of translocations is detected between highly diverged sequences
in the absence of the Sgsl helicase and at least one other protein
involved either in the DNA damage checkpoint response, chromatin
assembly or the DNA unwinding.?® Again, many of these transloca-
tions were complex because the initial event resulted in formation of
dicentric chromosome that underwent a secondary rearrangement to
form a stable product. These rearrangements between the diverged
CANI, LYPI and ALPI genes were dependent on RAD52 and
partially dependent on RAD51, and the breakpoints were primarily
within blocks of greatest sequence identity. Several of the events
characterized had multiple breakpoints consistent with their forma-
tion by template switching during BIR.

www.landesbioscience.com

In an assay designed to detect dosage compensation of a single
gene, large chromosomal duplications of 41-655 kb were recov-
ered.?? These were mainly intrachromosomal with breakpoint
junctions at microsatellites, microhomologies or LTRs. While
formation of these events is consistent with BIR, the absence of
large homologies at the breakpoints would suggest that if BIR is
the underlying mechanism then the homology requirement is lower
than for other HR events. Bosco and Haber showed that 72-bp of
homology at one side of an HO-induced DSB is sufficient for BIR
suggesting small homologies can be used.?’ In another study selecting
for gene duplications in haploid yeast, the breakpoint junctions for
segmental duplications had no homology or microhomologies, and
were independent of RADS52, suggesting a non-HR mechanism.*°
Template switching at stalled replication forks has been proposed
as a mechanism for gene amplification events in E. coli and for
copy number changes associated with tandem duplication of the
PLPI gene in Pelizaueus-Merzbacher disease in humans.#43 These
events are proposed to arise by dissociation of the nascent strand at
a stalled replication fork and pairing between the primer terminus
and the template strand at another replicon via microhomologies.
While this model does not necessitate DNA replication be initiated
at a DSB, it does suggest very short homologies can be used during
template switching. It should also be kept in mind that most of the
GCR events analyzed in S. cerevisiae occur at very low frequencies
and rare events between short homologies may not be detected in
standard HR assays, but could be relevant to the duplication of large
chromosome segments during evolution and in formation of GCRs
associated with human disease.

References

1. Daley JM, Palmbos PL, Wu D, Wilson TE. Nonhomologous end joining in yeast. Annu
Rev Genet 2005; 39:431-51.

2. Lieber MR, Ma Y, Pannicke U, Schwarz K. The mechanism of vertebrate nonhomolo-
gous DNA end joining and its role in V(D)] recombination. DNA Repair (Amst) 2004;
3:817-26.

3. Symington LS. Role of RAD52 epistasis group genes in homologous recombination and
double-strand break repair. Microbiol Mol Biol Rev 2002; 66:630-70.

4. Kogoma T. Stable DNA replication: interplay between DNA replication, homologous
recombination, and transcription. Microbiol Mol Biol Rev 1997; 61:212-38.

5. Morrow DM, Connelly C, Hieter P. “Break copy” duplication: a model for chromosome
fragment formation in Saccharomyces cerevisiae. Genetics 1997; 147:371-82.

6. Szostak JW, Orr Weaver TL, Rothstein R], Stahl FW. The double-strand-break repair model
for recombination. Cell 1983; 33:25-35.

7. Nassif N, Penney J, Pal S, Engels WR, Gloor GB. Efficient copying of nonhomologous
sequences from ectopic sites via P-element-induced gap repair. Mol Cell Biol 1994;
14:1613-25.

8. Ferguson DO, Holloman WK. Recombinational repair of gaps in DNA is asymmetric in
Ustilago maydis and can be explained by a migrating D-loop model. Proc Natl Acad Sci USA
1996; 93:5419-24.

9. Malkova A, Ivanov EL, Haber JE. Double-strand break repair in the absence of RAD51 in
yeast: a possible role for break-induced DNA replication. Proc Natl Acad Sci USA 1996;
93:7131-6.

10. Lydeard JR, Jain S, Yamaguchi M, Haber JE. Break-induced replication and telomerase-
independent telomere maintenance require Pol32. Nature 2007; 448:820-3.

11. Wang X, Ira G, Tercero JA, Holmes AM, Diffley JE Haber JE. Role of DNA replication
proteins in double-strand break-induced recombination in Saccharomyces cerevisiae. Mol
Cell Biol 2004; 24:6891-9.

12. Sjogren C, Nasmyth K. Sister chromatid cohesion is required for postreplicative double-
strand break repair in Saccharomyces cerevisiae. Curr Biol 2001; 11:991-5.

13. Kadyk LC, Hartwell LH. Sister chromatids are preferred over homologs as substrates for
recombinational repair in Saccharomyces cerevisiae. Genetics 1992; 132:387-402.

14. Ira G, Malkova A, Liberi G, Foiani M, Haber JE. Srs2 and Sgs1-Top3 suppress crossovers
during double-strand break repair in yeast. Cell 2003; 115:401-11.

15. Stark JM, Jasin M. Extensive loss of heterozygosity is suppressed during homologous repair
of chromosomal breaks. Mol Cell Biol 2003; 23:733-43.

16. Mosig G. Recombination and recombination-dependent DNA replication in bacteriophage

T4. Annu Rev Genet 1998; 32:379-413.

Cell Cycle 863



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

864

Break-induced replication

. Michel B, Grompone G, Flores MJ, Bidnenko V. Multiple pathways process stalled replica-

tion forks. Proc Natl Acad Sci USA 2004; 101:12783-8.

. Kogoma T, Cadwell GW, Barnard KG, Asai T. The DNA replication priming protein, PriA,

is required for homologous recombination and double-strand break repair. ] Bacteriol 1996;
178:1258-64.

. Xu L, Marians K]J. PriA mediates DNA replication pathway choice at recombination inter-

mediates. Mol Cell 2003; 11:817-26.

Bosco G, Haber JE. Chromosome break-induced DNA replication leads to nonreciprocal
translocations and telomere capture. Genetics 1998; 150:1037-47.

Malkova A, Naylor ML, Yamaguchi M, Ira G, Haber JE. RAD51-dependent break-induced
replication differs in kinetics and checkpoint responses from RAD5I-mediated gene conver-
sion. Mol Cell Biol 2005; 25:933-44.

McEachern MJ, Haber JE. Break-induced replication and recombinational telomere elonga-
tion in yeast. Annu Rev Biochem 2006; 75:111-35.

Lundblad V, Blackburn EH. An alternative pathway for yeast telomere maintenance rescues
estl-senescence. Cell 1993; 73:347-60.

Dunham MA, Neumann AA, Fasching CL, Reddel RR. Telomere maintenance by recom-
bination in human cells. Nat Genet 2000; 26:447-50.

Davis AP, Symington LS. RAD51-dependent break-induced replication in yeast. Mol Cell
Biol 2004; 24:2344-51.

Cortes Ledesma F, Aguilera A. Double-strand breaks arising by replication through a nick are
repaired by cohesin-dependent sister-chromatid exchange. EMBO Rep 2006; 7:919-26.
Smith CE, Llorente B, Symington LS. Template switching during break-induced replica-
tion. Nature 2007; 447:102-5.

Adams MD, McVey M, Sekelsky JJ. Drosophila BLM in double-strand break repair by
synthesis-dependent strand annealing. Science 2003; 299:265-7.

McVey M, Adams M, Staeva Vieira E, Sekelsky JJ. Evidence for multiple cycles of strand
invasion during repair of double-strand gaps in Drosophila. Genetics 2004; 167:699-705.
Kawamoto T, Araki K, Sonoda E, Yamashita YM, Harada K, Kikuchi K, Masutani C,
Hanaoka E Nozaki K, Hashimoto N, Takeda S. Dual roles for DNA polymerase eta in
homologous DNA recombination and translesion DNA synthesis. Mol Cell 2005; 20:793-9.
Mcllwraith MJ, Vaisman A, Liu Y, Fanning E, Woodgate R, West SC. Human DNA poly-
merase eta promotes DNA synthesis from strand invasion intermediates of homologous
recombination. Mol Cell 2005; 20:783-92.

Umezu K, Hiraoka M, Mori M, Maki H. Structural analysis of aberrant chromosomes that
occur spontaneously in diploid Saccharomyces cerevisiae: retrotransposon Tyl plays a crucial
role in chromosomal rearrangements. Genetics 2002; 160:97-110.

Kim JM, Vanguri S, Boeke JD, Gabriel A, Voytas DE Transposable elements and genome
organization: a comprehensive survey of retrotransposons revealed by the complete
Saccharomyces cerevisiae genome sequence. Genome Res 1998; 8:464-78.

Lemoine FJ, Degtyareva NP, Lobachev K, Petes TD. Chromosomal translocations in yeast
induced by low levels of DNA polymerase a model for chromosome fragile sites. Cell 2005;
120:587-98.

VanHulle K, Lemoine FJ, Narayanan V, Downing B, Hull K, McCullough C, Bellinger M,
Lobachev K, Petes TD, Malkova A. Inverted DNA repeats channel repair of distant double-
strand breaks into chromatid fusions and chromosomal rearrangements. Mol Cell Biol
2007; 27:2601-14.

Chen C, Kolodner RD. Gross chromosomal rearrangements in Saccharomyces cerevisiae
replication and recombination defective mutants. Nat Genet 1999; 23:81-5.

Putnam CD, Pennaneach V, Kolodner RD. Saccharomyces cerevisiae as a model system to
define the chromosomal instability phenotype. Mol Cell Biol 2005; 25:7226-38.

Schmidt KH, Wu J, Kolodner RD. Control of translocations between highly diverged genes
by Sgs1, the Saccharomyces cerevisiae homolog of the Bloom’s syndrome protein. Mol Cell
Biol 2006; 26:5406-20.

Koszul R, Caburet S, Dujon B, Fischer G. Eucaryotic genome evolution through the spon-
taneous duplication of large chromosomal segments. Embo J 2004; 23:234-43.

Schacherer J, de Montigny J, Welcker A, Souciet JL, Potier S. Duplication processes in
Saccharomyces cerevisiae haploid strains. Nucleic Acids Res 2005; 33:6319-26.

Branzei D, Foiani M. Template switching: from replication fork repair to genome rearrange-
ments. Cell 2007; 131:1228-30.

Lee JA, Carvalho CM, Lupski JR. A DNA replication mechanism for generating nonrecur-
rent rearrangements associated with genomic disorders. Cell 2007; 131:1235-47.

Slack A, Thornton PC, Magner DB, Rosenberg SM, Hastings PJ. On the mechanism of
gene amplification induced under stress in Escherichia coli. PLoS Genet 2006; 2:48.

Cell Cycle

2008; Vol. 7 Issue 7



